The objective of this study was to systematically assess the bifidogenic effect of three commonly used prebiotic products using in vitro cultures of infant fecal samples. Fresh stool samples collected from six term infants, each exclusively fed human milk (n ‫؍‬ 3) or infant formula (n ‫؍‬ 3), at 28 days of age were used as inocula. The following prebiotic products were added at concentrations applicable to infant formula: Vivinal IN) . The growth of total bacteria, Bifidobacterium, Bacteroides, Bifidobacterium longum, and Escherichia coli was quantified using specific quantitative PCR (qPCR). Bifidobacterium was also enumerated on selective Beerens agar plates, with representative colonies identified by sequencing of their 16S rRNA genes. Volatile fatty acids (VFA) and pH in the cultures were also determined. Irrespective of the feeding methods, the GOS product, either alone or in combination with Beneo HP, resulted in substantially higher growth of total bifidobacteria, and much of this growth was attributed to growth of B. longum. Beneo Synergy 1 also increased the abundance of total bifidobacteria and B. longum. Corresponding to the increases in these two bacterial groups, acetic acid concentrations were higher, while there was a trend of lower E. coli levels and pH. The lower pH and higher acetic acid concentration might be directly responsible for the lower E. coli population. At the concentrations studied, the GOS product was more bifidogenic and potent in inhibiting E. coli than the other products tested. These results suggest that supplementation of infant formula with GOS may increase intestinal bifidobacteria and benefit infant health.
I
t is generally accepted that human milk-fed infants and formulafed infants can have different gut microbiomes. The demonstrated differences in the gut microbiomes include a greater abundance of Bifidobacterium and a lower abundance of clostridia and enteric bacteria in human milk-fed infants than in formula-fed infants (1, 2) . Such differences in gut microbiomes are believed to contribute to the benefits associated with human milk feeding, such as protection against infection and allergy (3-5), as well as long-term health and neurodevelopment (5) (6) (7) . Human milk contains high levels of more than 200 structures of nondigestible oligosaccharides (8, 9) , whereas cow milk contains virtually no oligosaccharides (10) . Therefore, without supplementation, oligosaccharides are nearly absent in cow milk-based infant formulas. The difference in nondigestible oligosaccharides between human milk and infant formula is believed to be a main reason for the observed differences in intestinal microbiomes between infants receiving these two types of feeding (9, 11) .
Nondigestible oligosaccharides can be added to infant formula as prebiotics to increase its oligosaccharide content (12) . However, the prebiotics commercially available for inclusion in infant formula are limited in variety, and the nondigestible oligosaccharides contained in most prebiotic products are much simpler in structure than most of those found in human milk (13) . Clinical feeding trials have been conducted to determine the effect of nondigestible oligosaccharides added to infant formula, which include fructo-oligosaccharides, galacto-oligosaccharides, and inulin (14) . The conclusions of these investigations regarding changes in microbiome are conflicting (15) . Indeed, some of these studies demonstrated a significant increase in beneficial bacteria (i.e., Bifidobacterium and Lactobacillus) and a decrease in harmful bacteria (i.e., clostridia and Escherichia coli) (16) (17) (18) , whereas other studies showed little or no measurable effect (19) (20) (21) . This discrepancy may be attributable to differences in laboratory methodology, formula composition, infant populations studied, and their associated individualized intestinal microbiomes (15) . Indeed, tremendous variations in intestinal microbiomes were reported among infants in a number of studies (22) (23) (24) , and such variations often exceed the treatment effects, thus making it difficult to ascertain the actual impact of prebiotic supplementation.
Evaluation of prebiotics for their effects using in vitro cultures can overcome the limitations posed by some of the uncontrollable variations in clinical trials, such as variations in feeding regimens and intestinal microbiomes. Additionally, in vitro cultures overcome the difficulties in comparing the efficacy of different prebiotics owing to differences in methodology, form of prebiotic products, dose, duration, number of subjects, and measurements taken. Several researchers have used in vitro cultures to evaluate the effect of prebiotics on individual strains of intestinal bacteria (25) (26) (27) . Although these studies have advanced our knowledge on the characteristics (e.g., the ability to grow on the test prebiotics and the fermentation products) of these bacterial strains, the conclusions drawn probably do not apply to the complex intestinal microbiomes of infants due to the absence of other intestinal bacteria. Although several studies have compared the prebiotic or bifidogenic effects of multiple prebiotics using in vitro cultures of adult fecal samples (28) (29) (30) , no study has been reported that used in vitro cultures of infant stool samples. Because the intestinal microbiomes differ greatly between adults and infants (31), different effects of prebiotics on intestinal microbiome are expected. The objective of this study was to comparatively evaluate the effects of prebiotics commonly added to infant formula (32) on the growth of select populations of intestinal bacteria and their fermentation using in vitro cultures of infant fecal samples. Fresh stool samples from both human milk-fed and infant formula-fed infants were used as the inocula in an attempt to encompass the gut microbiome supported by both feeding types. In addition, the prebiotic oligosaccharides were compared at the concentrations representative of those added to infant formula.
MATERIALS AND METHODS
Study design and sample collection. This was a nonrandomized, singlecenter, unblinded study. An independent ethics committee and institutional review board reviewed and approved the protocol and consent forms. Informed consent was obtained from the legally authorized representatives of the subjects prior to the study. The study was designed to enroll infants between the ages of 0 (date of birth) and 5 days to collect one fecal sample from each subject at approximately 28 days of age. The study was designed to enroll 5 infants into each group. Infants who were fed exclusively human milk were enrolled into the human milk-fed (HM) group, while infants who were consuming exclusively a milk-based infant formula, with no added prebiotics, were enrolled into the formula-fed (FF) group. The parent(s) of each infant were instructed to use the designated feeding ad libitum as the sole source of nutrition for the duration of the study. Infants were excluded from further analyses if they (or the mothers of HM-fed infants) received any medication that could affect gut bacteria. There were 3 study visits during this study (day 0, 15 Ϯ 3, and 28 Ϯ 3) to gather information on the infants and protocol compliance.
Fresh fecal samples were collected at the last visit (day 28 Ϯ 3). Detailed sample collection procedures were provided to the study coordinator at the clinical site. Within 60 min of a bowel movement, the diaper was removed and placed in a plastic bag, then placed in an insulated cooler bag containing frozen ice packs, and delivered to the study coordinator. The fecal sample was immediately transferred into a sterile 15-ml preweighed glass bead-containing serum vial using a sterile tongue depressor. The vial was then immediately filled completely with an anaerobic buffer (0.1% peptone, 0.85% NaCl, and 0.5% cysteine-HCl [pH 7.0]) of known volume, capped with a rubber stopper, and sealed with an aluminum crimp cap. The sample vial was placed in an insulated cooler containing ice packs and brought to the laboratory within 3.4 to 5.3 h from the time the stool was passed. Upon receipt of each sample in the laboratory, the sample vial, which contained the fresh stool sample and the anaerobic buffer added, was weighed (total sample vial weight). The amount of the anaerobic buffer transferred into each sample vial was calculated as the difference between the initial volume of the anaerobic buffer and the volume left in the original buffer vial. The amount of each fresh stool sample collected was determined as the difference between the total weight of each sample vial and the amount of buffer transferred to the sample vial from the buffer vial. The dilution factor for each of the fresh stool samples was determined by dividing the amount of each stool sample (in grams) by the total weight of each sample vial (in grams). Of the infants enrolled in each feeding group, 3 in each group met the enrollment criteria and their fresh stool samples were collected and used as the inocula.
In vitro fermentation, enumeration, and isolation of Bifidobacterium organisms. The prebiotic products used in this study were selected based on their market availability, potential as prebiotics, and suitability to be included in infant formulas. The tested products included Vivinal GOS 15 (FrieslandCampina Domo, Rolling Meadows, IL), Beneo HP (Beneo, Inc., Morris Plains, NJ), and Beneo Synergy 1 (Beneo, Inc.). Vivinal GOS 15 contained (percent dry matter) polysaccharides (45.6%), GOS (28.5%), lactose (10.1%), and glucose (9.7%) as main components. Beneo HP contained chicory inulin (Ͼ99.5% purity) with the small oligofructose (degree of polymerization Ͻ 5) removed, while Beneo Synergy 1 was a combination of chicory inulin and oligofructose produced by partial enzymatic hydrolysis of chicory inulin (90 to 94% enriched oligofructose and inulin). These products were evaluated in the following treatments: Vivinal GOS 15 alone at 7.2 g/liter (referred to as GOS), Beneo HP alone at 0.8 g/liter (referred to as IN), Beneo Synergy 1 alone at 4.0 g/liter (referred to as OF-IN), and a combination of Vivinal GOS 15 (7.2 g/liter) and Beneo HP (0.8 g/liter) (referred to as GOS-IN). These doses were selected based on those tested in clinical studies and on tolerance information available in the literature of clinical studies conducted with young infants (20, 33) . A no-prebiotics control was also included.
The basal medium contained (in g/liter) peptone, 2.0; yeast extract, 2.0; NaCl, 0.1; K 2 HPO 4 , 0.04; KH 2 PO 4 , 0.04; MgSO 4 ·7H 2 O, 0.01; CaCl 2 ·2H 2 O, 0.01; NaHCO 3 , 2.0; cysteine-HCl, 0.5; and bile salts, 0.5, as well as Tween 80 at 2.0 ml, phylloquinone at 10 l, hemin solution at 1.0 ml, and sodium resazurin (27, 29, 34) . The medium was made anaerobic as described previously (29) and dispensed into Hungate tubes (9 ml per tube). Each product was added (0.5 ml) from a sterile stock solution to the final concentration intended. The control cultures received no prebiotics but received 0.5 ml of phosphate-buffered saline (PBS). Each fresh stool sample, diluted 2.9-to 15.8-fold in the anaerobic buffer in the sampling vials, was mixed well by vortexing vigorously, and 0.5 ml of each was inoculated into each of the 3 replicate Hungate tubes for each treatment. These culture tubes were incubated at 37°C for 24 h. Three subsamples (3.5 ml) were collected at 12 and 24 h postincubation from each culture tube and aliquoted into 3 microtubes. One subsample was processed and frozen at Ϫ80°C for volatile fatty acid (VFA) analysis using gas chromatography (35) ; the second subsample was centrifuged at 4°C for 10 min at 16,000 ϫ g to harvest the bacterial biomass, which was frozen immediately at Ϫ80°C; and the third subsample was used to enumerate bifidobacteria on selective Beerens agar plates immediately.
Each of the sampled cultures was diluted in 1:10 series in an anaerobic chamber using the same anaerobic buffer as used in stool sample collection. An aliquot of 0.1 ml of 3 dilutions each was plated on selective Beerens agar plates in triplicate (29) ; the plates were then incubated at 37°C for 24 h inside an anaerobic chamber that was filled with 90% N 2 , 5% H 2 , and 5% CO 2 . The colonies formed were counted from the plates that had 30 to 300 colonies. The number of CFU/ml of culture for each time point and each treatment was calculated based on the number of colonies and the corresponding dilution factor.
Analysis of Bifidobacterium isolates by ERIC-PCR and DNA sequencing. To identify the bifidobacteria grown on the Beerens plates, 96 random colonies were picked for each treatment and each time point. They were inoculated into 1 ml of Columbia broth dispensed into deepwell plates (96 wells per plate and 1 ml of medium per well). These plates were incubated in an anaerobic incubator at 37°C for 24 h. Then 100-l quantities of each culture were transferred to the wells of 96-well PCR plates, which were sealed with a thermal adhesive film (Fisher Scientific) and incubated at 95°C for 5 min to lyse the cells, using a thermocycler. Following centrifugation, the cell lysate was used directly as the template to perform enterobacterial repetitive intergenic consensus sequence-PCR (ERIC-PCR) to identify unique colonies (36, 37) . The banding patterns of ERIC-PCR were clustered using BioNumerics (v.5.1; Applied Maths, Inc., Austin, TX). The 16S rRNA gene (rrs) of each representative ERIC-PCR phylotype, rather than the 16S rRNA gene of all the colonies, was amplified by PCR using the cell lysate as the template and universal bacterial primers (38) . Following confirmation of the expected band by agarose gel (1.5%) electrophoresis, the PCR products were purified using QIAquick PCR purification kits (Qiagen, Inc., Valencia, CA) and sequenced using a 3730 DNA analyzer (Applied Biosystems, Inc., Foster City, CA). After manual verification of base calling, the sequences were compared to GenBank sequences using BLASTn to identify the most similar sequences for each isolate.
Microbial community DNA extraction. Community DNA was extracted from each of the cultures using the repeated bead-beating and column purification method as previously described (39) . The resultant DNA quality was visually assessed by agarose gel (1.0%) electrophoresis. The DNA concentration was quantified using a Quant-it kit (Invitrogen Corporation, Carlsbad, CA) and an Mx3000P real-time PCR system (Stratagene, La Jolla, CA).
Quantification of bacterial groups by specific real-time PCR. The primers used in the real-time PCR assays are listed in Table 1 . The abundances of the following bacterial groups were quantified using respective specific real-time PCR as described previously: total bacteria (40), Bifidobacterium (40) , Bacteroides (41), Bifidobacterium longum (42), Clostridium difficile (43) , and E. coli (44) . Lactobacilli were not quantified because initial endpoint PCR analysis of the samples showed either no detection or very low occurrence of this group of bacteria (data not shown). One sample-derived standard was prepared for each of the real-time PCR assays for total bacteria, Bifidobacterium, and Bacteroides as described previously (40, 45) . The rrs genes of B. longum ATCC 15708 and E. coli wild-type MG1655 were PCR amplified using bacterial cells of each strain and universal bacterial primers 63f/1389r (46, 47) , and the PCR products were used as respective real-time PCR standards for these two species. All the real-time PCR assays were performed using an Mx3000P real-time PCR system (Stratagene) and 25-l reaction volumes. All samples were analyzed in triplicate together with respective standards (also in triplicate) using the same master mix on the same PCR plate. A no-template control in triplicate was always included in parallel.
Profiling of Bifidobacterium by PCR-DGGE. The population of Bifidobacterium was profiled using genus-specific PCR-denaturing gradient gel electrophoresis (PCR-DGGE) as described previously (40) . Distinct DGGE bands were excised from the DGGE gels and the DNA reamplified using the PCR primers used in the DGGE but without the GC clamp (48) . Successful reamplification was confirmed as a single band upon agarose gel (1.5%) electrophoresis. The PCR products were purified using QIAquick PCR purification kits (Qiagen) and sequenced as mentioned above. After manual confirmation of base calling and chimera checking, the sequences were compared with the GenBank sequences using BLASTn to identify the most similar database sequences.
Analysis of volatile fatty acids. All the culture samples were subjected to analysis for volatile fatty acids using gas chromatography as described by Knol et al. (35) . Lactic acid, which is not a VFA, was not analyzed.
Statistical analysis. To compare the prebiotic effects among the treatments (GOS, IN, GOS-IN, OF-IN, and control), the PROC MIXED procedure of SAS (SAS Institute, Inc., Cary, NC) was used to fit a randomized complete-block analysis of variance (ANOVA) to the data obtained at 12 or 24 h for each measurement. The model contained a fixed effect for the treatment and a random effect for the infant. For those measurements with a statistically significant effect of the prebiotic treatments, the leastsquares means (LSM) were compared pairwise with a Tukey-Kramer adjustment made to the P values. Only the measurements for which most of the infant stool samples (at least 5 of the 6 samples for each treatment) resulted in complete data (values at 12 or 24 h for all 5 treatments) were analyzed. The bacterial plate counts and real-time PCR data were first log 10 transformed to improve normality before analysis. Statistical analysis was not performed on the abundance of C. difficile because many of the samples had no detectable C. difficile organisms. The time-zero data (calculated from the data of the inocula) were obtained from the cultures prior to incubation. Thus, the five treatments had the same beginning values for a particular measurement. Statistical significance was declared at a P value of Յ0.05. All values are presented as means (Ϯ standard errors of the means [SEM]).
RESULTS
Demographics of the enrolled infant subjects. Three infant subjects from each feeding group met the requirements of the study protocol. The subjects enrolled in the two feeding groups were similar in age, gender, birth weight, and birth method ( Table 2) . No serious adverse events were reported for any of the infants during the study. Fresh stool samples from each of these infants were used as the inocula to evaluate all the test prebiotic products.
Abundance of total bacteria and Bacteroides. In an attempt to encompass the gut microbiome supported by both feeding types, the abundance of total bacteria, Bacteroides, total bifidobacteria, B. longum, and E. coli was determined for each inoculum collected from both the HM and the FF feeding groups, with all six fresh stool samples (three replicates per sample) used to determine the effects of the different prebiotics. In all the cultures, including the control, the average abundance of total bacteria increased by about 3 log rrs copies/ml culture over the first 12 h of incubation (data not shown). However, no further growth of total bacteria was observed thereafter. The abundances of total bacteria did not differ significantly among the treatments at either 12 or 24 h. The abundance of Bacteroides increased from approximately 4 to 7 log rrs copies/ml by 12 h in all cultures, but the cultures that received the GOS product (Vivinal GOS 15) increased the least, to 6.9 (Ϯ0.87) log rrs copies/ml. From 12 to 24 h, Bacteroides continued to increase in abundance by another log in the control, IN, and OF-IN cultures but decreased slightly in the GOS and the GOS-IN cultures (data not shown). Abundances of total bifidobacteria and B. longum. The in vitro cultures had a bifidobacterial abundance of 5.12 (Ϯ0.17) log rrs copies/ml prior to incubation. At 12 h the bifidobacterial population increased by about 4 log rrs copies/ml in both the GOS and the GOS-IN cultures and about 3 log rrs copies/ml in the OF-IN cultures (Fig. 1A) . Over the same period, bifidobacteria in the control and the IN cultures increased only by approximately 1.5 logs. From 12 to 24 h, the bifidobacterial population did not increase further, irrespective of the prebiotics added.
The abundance of B. longum approximated 3.87 (Ϯ0.67) log rrs copies/ml of culture prior to the incubation, which increased by various magnitudes in all the cultures, including the control (Fig. 1B) . At both 12 and 24 h, the B. longum population in the GOS and the GOS-IN cultures was greater (P Յ 0.001) than that in the IN and the control cultures. The OF-IN cultures had a significantly greater abundance of B. longum than the IN cultures at both 12 and 24 h (P Յ 0.02) and the control cultures at 24 h (P ϭ 0.001), while the IN and the control cultures had similar B. longum population sizes.
The relative abundance of B. longum was calculated by dividing the abundance of B. longum by that of total bifidobacteria. The relative abundance of B. longum varied among the cultures at time zero and accounted for about 81% of total bifidobacteria. During the in vitro incubation, the relative abundance of B. longum increased numerically in all the cultures. Overall, B. longum accounted for 87% to 91% of total bifidobacteria at 12 h and from 86% to 95% at 24 h. The predominance of B. longum numerically increased to a lesser extent in the GOS and the GOS-IN cultures than in other cultures. The relative abundance was greatest in the control cultures at 24 h, reaching 95%.
Abundances of Escherichia coli and C. difficile. The abundance of E. coli in the cultures prior to incubation was 3.23 (Ϯ 0.51) log rrs copies/ml and increased approximately by 4 logs during the first 12 h of incubation (Fig. 1C) . The E. coli population size stabilized from 12 to 24 h. The addition of the prebiotics affected the growth of E. coli differently. Pairwise comparisons showed that the GOS cultures had a significantly lower abundance of E. coli organisms than the IN cultures at 12 h. The GOS and the GOS-IN cultures also had significantly fewer (P Ͻ 0.05) E. coli organisms than the control and the IN cultures at 24 h. The E. coli population in the OF-IN cultures was numerically smaller only than that in the control cultures (P ϭ 0.835 and 0.249 at 12 and 24 h, respectively) and the IN cultures (P ϭ 0.581 and 0.355 at 12 and 24 h, respectively) but numerically greater than that in the GOS cultures (P ϭ 0.438 and 0.058 at 12 and 24 h, respectively) and the GOS-IN cultures (P ϭ 0.616 and 0.098 at 12 and 24 h, respectively). The abundance of C. difficile organisms averaged about 2.70 log rrs copies/ml prior to the in vitro incubation, increased to 5.35 to 5.38 log rrs copies/ml by 12 h among the treatments, and thereafter increased or decreased slightly by 24 h. Because two or three of the six inocula did not result in detectable C. difficile growth in the in vitro cultures, no statistical analysis was done on the qPCR data for C. difficile. However, there were numerical differences in the abundance of C. difficile among the treatments (data not shown).
Cultured bifidobacteria. Beerens agar plates were used to enumerate and recover bifidobacteria from each of the cultures (for ease of reference, referred to as "cultured bifidobacteria," though Beerens plates permit growth of some bacteria other than bifidobacteria). Based on the selective plating, the time-zero cultures had about 6 log CFU/ml of culture on average. By 12 h, the control and the IN cultures had approximately 7.5 log CFU/ml, while the other 3 cultures had about 8 log CFU/ml. By 24 h all the cultures had slightly decreased CFU, but not the OF-IN cultures.
Some differences in species distribution were seen between the two feeding groups, and thus the data for cultured bifidobacteria were examined separately for the two feeding groups. In the initial time-zero samples, most of the isolates (81.0%) from the HM infants were identified, through sequencing of 16S rRNA genes, as Bifidobacterium longum subsp. infantis, with the remaining isolates as B. breve (Table 3 ). The initial time-zero samples of the FF group were also dominated by B. longum subsp. infantis (83.7%), but Bifidobacterium pseudocatenulatum, Bifidobacterium breve, and Enterococcus faecalis were also found (Table 4) . Over the course of the in vitro incubation, B. longum subsp. infantis remained predominant in all the cultures. The GOS cultures of the HM group and the GOS and GOS-IN cultures of the FF group had a numerically greater prevalence of B. breve than the other cultures. The GOS cultures of the HM group also had fewer Enterococcus faecalis organisms. No such trend was observed in the GOS cultures within the FF group.
Culture pH and VFA production. The pH of the initial cultures prior to incubation was approximately 6.4 ( Fig. 2A) . The addition of the GOS product or both the GOS product and the IN product (Beneo HP) decreased the culture pH by Ͼ2 pH units after 12 h of incubation. The inclusion of OF-IN product (Beneo Synergy 1) also decreased the culture pH at 12 h but to a smaller magnitude (approximately 0.5 pH unit). The pH in both the control and the IN cultures increased at 12 h. No appreciable change in pH was observed in any of the cultures after the initial 12 h of incubation.
The concentrations of acetic, butyric, propionic, isobutyric, valeric, and isovaleric acids were analyzed for all the culture samples. Very little acetic acid was detected in the cultures prior to the incubation, but after 12 h of incubation, more than 40 mM acetic acid was detected in both the GOS and the GOS-IN cultures (Fig.  2B) . The OF-IN cultures also had an increased acetic acid concentration relative to the control and the IN cultures. Only small increases in acetic acid production were seen after 12 h. Almost no butyric acid was detected in the cultures prior to the incubation (data not shown). Although the concentrations remained very low in all of the cultures, a treatment effect was observed (not statistically analyzed) on butyric acid concentrations at both 12 and 24 h (data not shown). The addition of the GOS product, either alone or in combination with the IN product, resulted in the lowest concentration of butyric acid. Little propionic acid was detected in the cultures prior to incubation, but the different prebiotic products resulted in different increases in propionic acid concentration (data not shown) at 12 and 24 h. The largest increase was seen for the OF-IN cultures, followed by the IN and the control cultures. The addition of the GOS product or the GOS product and the IN product together had very little effect on propionic acid production at both 12 and 24 h. The concentrations of isobutyric, valeric, and isovaleric acids averaged below 1 mM in all the cultures, except for isovaleric acid in the control (1.5 mM) and the IN cultures (1.7 mM) of one formula-fed infant. DGGE profiling and identification of bifidobacteria from the excised DGGE bands. There were differences in intensities of some DGGE bands but no visual differences in the presence and absence of DGGE bands between the two feeding groups or among the cultures supplemented with the different prebiotics (data not shown). The two most common species recovered from the DGGE bands were B. longum (the short 16S rRNA gene region did not allow for identification to subspecies level) and B. breve. No obvious effect of the added prebiotics was found on the bifidobacterial species identified from the excised DGGE bands (data not shown).
DISCUSSION
This study is among the few studies that have comparatively evaluated the common prebiotics that have been added to infant formula using an in vitro model and fresh infant stool samples from breast-fed and formula-fed infants as inocula. As shown in this study, fresh stool samples are difficult to collect from multiple young infants within a narrow time window. It is also a challenge to maintain anaerobiosis of the samples and viability of the microbes. However, compared to frozen stool samples, fresh stool samples would allow for more applicable conclusions. From a microbiological perspective, it is logical to use the same concentration for all the prebiotic products to compare their prebiotic
FIG 2 pHs (A) and acetic acid concentrations (B) determined in in vitro
cultures. The time-zero value for pH was 6.36 Ϯ 0.38 (mean Ϯ SEM), and that for acetic acid concentration was 0.06 Ϯ 0.02 mM (mean Ϯ SEM). Different letters indicate significant differences at P values of Ͻ0.01 (A) and Ͻ0.05 (B). and lactose and glucose (about 0.7 g/liter each). The differences observed between the GOS product and the other products (Beneo HP and Beneo Synergy 1) thus might not be solely attributable to GOS itself. The quantification of the major groups of bacteria that are important to infant health and the analysis for the major fermentation products (i.e., VFA) and pH allow for evaluation of these prebiotic products with respect to their bifidogenic effect and the effect on fermentation. Because it is rather difficult to maintain sample anaerobiosis and viability of the fecal microbes in samples collected from young infants from different geographic regions, a relatively small number of infants were sampled. However, the evaluation of each of the tested prebiotic products using each of the fresh stool samples, collected from both human milk-fed and formula-fed infants, allows for comparison of these prebiotic products using multiple replicates in the laboratory setting. Results of in vitro studies cannot be directly extrapolated to in vivo studies. However, this in vitro study allowed us to evaluate four different prebiotics, and such in vitro studies using fresh fecal samples may be used to test other promising prebiotic ingredients and their combinations simultaneously. The findings of this study may help in designing future clinical trials to further evaluate these prebiotics.
Overall, the prebiotics at the tested levels had various effects on different bacterial groups analyzed and on the in vitro fermentation by infants' fecal microbiomes. The GOS product exhibited the most stimulatory effect on proliferation of total bifidobacteria and B. longum. This observation is consistent with the ability of bifidobacteria, including B. longum, to grow on a variety of oligosaccharides (53, 54) and their preference for GOS (27, 55) even though this product also contains polysaccharides, lactose, and glucose. Even though the combination of the GOS product and the inulin product (0.8 g/liter) promoted bifidobacteria to a level comparable to that of the GOS product, the bifidogenic effect observed almost certainly stemmed from the stimulatory effect of Vivinal GOS 15, because Beneo HP alone at the tested level did not increase the population of bifidobacteria. The Beneo HP concentration used might have been too low to produce a significant bifidogenic effect. In addition, a few studies showed that inulin with long chains was fermented slower and could only be fermented by a slightly lower number of bifidobacteria than shortchain oligofructose (56, 57) , and long-chain inulin did not exhibit a bifidogenic effect in humanized rats (58) . Thus, the long chain lengths of the inulin tested in the present study might be another reason for the lack of a significant bifidogenic effect.
The oligofructose-enriched inulin (Beneo Synergy 1) increased bifidobacteria to a smaller (P Ͻ 0.05) magnitude than the GOS product, which may be largely attributed to the oligofructose present in the mixture. It is interesting that the total population of Bifidobacterium and that of B. longum had a similar trend (Fig. 1A  and B) , suggesting that B. longum was the primary bifidobacterial species that was stimulated by the added prebiotics in the cultures. This observation is in line with the finding that B. longum was one of the major bifidobacterial species of adults' fecal microbiomes that were stimulated by GOS (59) . In addition, the relative abundance of B. longum as quantified by the species-specific qPCR was similar to that of infantis subsp. infantis recovered on Beerens plates, suggesting that the majority of the B. longum organisms in the cultures were probably B. longum subsp. infantis. It should be noted that there was very little increase in the abundance of bifidobacteria after 12 h of incubation. The ceased population growth could be attributed to depletion of the added products or another nutrient(s) or to accumulation of metabolites (including decreased pH due to accumulation of VFA) to inhibitory levels.
Most of the cultured bifidobacteria recovered from the fecal samples of the HM group were B. infantis, while B. pseudocatenulatum and E. faecalis were also recovered from the fecal samples of the FF group. Such differential distributions of bifidobacteria between formula-and human milk-fed infants are consistent with the findings of previous studies (60, 61) . Collectively, more species were recovered from the in vitro cultures than from the initial fecal samples, including nonbifidobacterial species. The HM and the FF groups also exhibited differences in the prevalences of the cultured species. As shown recently (62), the prevalence of B. breve increased at the expense of that of B. longum in all the cultures, especially in the GOS culture of the HM group and the GOS and the GOS-IN cultures of the FF group. The dynamic successions of bifidobacterial species in the cultures were also incubation time and prebiotics independent. Different bifidobacterial species have various ability to utilize different prebiotics (63) (64) (65) , which may explain the observed differences in population shifts during the cultivation. The results of this study and a previous study (66) suggest the occurrence of different "types" (a set of specific bifidobacterial species) of bifidobacteria under different conditions (nutrient, environmental, and microbial). More studies using cocultures or other specific analyses are needed to verify this premise.
The prevalences of the recovered bifidobacterial species differed from some of the earlier studies (67, 68) in which Bifidobacterium adolescentis and Bifidobacterium dentium were also found to be prevalent. Differences in methods used (including media) and host gut microbiomes might be major contributing factors affecting the species captured on agar plates. It should also be noted that a few nonbifidobacterial species were also recovered from the Beerens agar plates, indicating that this type of selective plate is not exclusively specific for bifidobacteria. This has been observed in a previous study, and the use of plate count to enumerate bifidobacteria is hindered by the lack of selectivity of media (69) . Caution should be taken when quantitative data for bifidobacteria from cultivation-based and molecular methods are compared.
The Bacteroides population increased in all the cultures within the first 12 h of incubation but increased the least in the GOS and the OF-IN cultures. Additionally, the Bacteroides population continued to increase by another log, irrespective of feeding groups, in the control, the IN, and the OF-IN cultures from 12 to 24 h, while it decreased slightly in the GOS and the GOS-IN cultures during the same period (data not shown). These results suggest possible inhibition of Bacteroides from the increased bifidobacterial population, including the pH decline caused by fermentation of the GOS product by bifidobacteria. The total bacterial populations were similar among all the cultures irrespective of the prebiotics added, suggesting that the prebiotics added to the basal medium was relatively small or can be utilized only by a few selected groups of bacteria present in the initial inocula.
The concentrations of acetic acid appeared to be inversely associated with the pH and the E. coli population in the cultures. The addition of the GOS or the GOS-IN product had the most profound effects on these 3 parameters. Most bifidobacterial species produce both acetic acid and lactic acid at a characteristic 3:2 ratio through the bifid shunt pathway during carbohydrate fermentation (70) , and they are also acid tolerant and able to grow well at low pH (71) . E. coli is known to be inhibited at low pH (72) . It can be concluded that the addition of the GOS product in the GOS and the GOS-IN cultures stimulated the growth of bifidobacteria and subsequent production of acetic acid and lactic acid (not analyzed in this study) by primarily this group of bacteria, resulting in a lowered culture pH (approximately 4.0), which inhibited E. coli in the GOS and the GOS-IN cultures. This premise is consistent with the lower fecal pH and E. coli abundance in breast-fed infants than in formula-fed infants (73, 74) . The lower concentration of acetic acid and higher pH and E. coli population in both the control and the IN cultures seem to corroborate the above conclusion and the limited bifidogenic effect of the inulin at the tested level. The addition of the OF-IN product also stimulated acetate production and lowered the culture pH, but not to the magnitudes observed in the GOS or the GOS-IN cultures. This observation is also consistent with the relatively lower (P Ͻ 0.05) abundance of bifidobacteria in the OF-IN cultures than in the GOS or the GOS-IN cultures. Although not statistically analyzed, the OF-IN cultures had the highest concentrations of propionic and butyric acids (2.7 and 1.25 mM, respectively, at 24 h), followed by the IN (1.9 and 1.0 mM, respectively) and the control cultures (1.3 and 0.98 mM, respectively). On the other hand, the GOS and the GOS-IN cultures had the lowest concentrations of these 2 acids (approximately 0.56 and 0.09 mM, respectively). These results suggest that inulin, but not GOS, may stimulate the growth of butyrate-or propionate-producing bacteria, which is consistent with the findings of previous studies (57, 75) . Nevertheless, relatively low concentrations of acetic acid corresponded with relatively higher concentrations of both butyric and propionic acids in the in vitro cultures. Detailed studies of the bacteria present in such microbiomes will help determine the bacteria that are likely involved in the production of both butyric and propionic acids.
